Exosomes are small vesicles secreted by most cell types in culture. Exosomes form intracellularly by inward budding of the limiting membrane of endocytic compartments, leading to vesicle-containing endosomes, called multivesicular bodies (MVBs) . MVBs eventually fuse with the plasma membrane, thus releasing their internal vesicles (i.e., exosomes) into the extracellular medium. What, then, may the physiological function of exosomes be? On one hand, exosome secretion could be a function per se, e.g., exosome secretion by reticulocytes allows the elimination of proteins such as transferrin receptor or integrins, which are useless in differentiated red blood cells (Pan et al., 1985; Vidal et al., 1997) . On the other hand, exosomes could be involved in intercellular communication, allowing exchange of proteins and lipids between the exosome-producing cells and target cells. Such a function has been exemplified in the immune system where exosomes allow exchange of antigen or major histocompatibility complex (MHC)-peptide complexes between antigen-bearing cells and antigen-presenting cells (e.g., dendritic cells; Wolfers et al., 2001; Andre et al., 2002 Andre et al., , 2004 Théry et al., 2002) . Nevertheless, the physiological functions of exosomes remain a matter of debate.
The purpose of this unit is to give simple and reliable methods for purifying and characterizing exosomes. Cell culture supernatants (conditioned media; CM) contain several types of shed membrane fragments and vesicles; therefore, before performing any functional analysis, it is critical to ensure that the purified vesicles are exosomes and not other contaminating material. The first part of this unit describes the most common protocols used to purify exosomes from cell culture conditioned media or from physiological fluids, and the second part describes different methods for characterizing and assessing the purity of the isolated exosomes.
Exosomes have been successfully purified from cell culture conditioned medium or bodily fluids. Support Protocols 1 and 2 provide all details and precautions to take in collecting materials from which exosomes will be purified. Starting from this material, the original and most commonly used protocol for exosome purification (Raposo et al., 1996) is described in Basic Protocol 1. It involves several centrifugation and ultracentrifugation steps. In some cases, the first centrifugation steps can be replaced by a single filtration step: this option is described in an Alternate Protocol. A slightly modified version of Basic Protocol 1, designed for purifying exosomes from viscous fluids (e.g., plasma) is described in Basic Protocol 2. An extra purification step that provides extremely pure exosomes can be added to these protocols, and is described in Support Protocol 3. A different purification procedure, involving trapping exosomes on beads bearing an antibody specific for exosomal surface molecules, has more recently been described (Clayton et al., 2001) and is provided in Basic Protocol 3. It is easy to use and useful for rough characterization of exosomes, but it is not intended for purification of large amounts of exosomes. An additional new method for purifying exosomes by ultrafiltration instead of ultracentrifugation is not described in this unit. This method employs ultrafiltration cartridges and pumps and is especially useful for purifying exosomes from large volumes (>1 liter) of conditioned medium. It is suitable for clinical applications of purified exosomes, but it is not the easiest option for laboratory applications. Interested readers should see Lamparski et al. (2002) for details. 
Materials
Conditioned medium (Support Protocol 1, step 5), cleared Phosphate-buffered saline (PBS; APPENDIX 2A) Tris-buffered saline (TBS; APPENDIX 2A), optional Refrigerated centrifuge 50-ml polypropylene centrifuge tubes Ultracentrifuge and fixed-angle or swinging-bucket rotor (see Table 3 .22.1) Polyallomer tubes or polycarbonate bottles, appropriate for the ultracentrifuge rotor (see Table 3 .22.1) Micropipettor (e.g., Pipetman) Tabletop ultracentrifuge (e.g., Beckman TL-100) -80
• C freezer NOTE: All centrifugations should be performed at 4 • C.
NOTE:
It is only necessary to use sterile equipment if the final use of exosomes is going to require sterility (e.g., functional in vivo or in vitro assay). If only biochemical analyses will be performed (e.g., immunoblot, proteomics, FACS analysis), very clean, but not necessarily sterile, tubes are required.
If sterility is required, sterile centrifuge and ultracentrifuge tubes must be used, and all steps up to the time when CM-containing tubes or tube holders are closed must be performed in a tissue culture hood. To sterilize ultracentrifuge tubes, wash the clean tubes and their lids briefly in 70% ethanol, rinse twice in sterile PBS, pour PBS off, and drain the remaining drops of PBS with a pipet before use. The rotor lid (45Ti rotor) or the lid for each tube holder (SW41, SW28 rotors) must also be cleaned with 70% ethanol before closing the rotors.
4. Mark one side of each ultracentrifuge tube with a waterproof marker, orient the tube in the rotor with the mark facing up, and centrifuge 30 min at 10,000 × g, 4 • C (see Table 3 .22.1).
The mark is a reference for the location of a pellet at the end of the centrifugation.
Collect exosome fraction 5. Transfer the supernatant to a fresh tube or bottle the same size as in step 3.
Ensure that none of the pellet is collected and contaminates the supernatant. 
Wash exosomes
8. Resuspend the pellet in each tube in 1 ml PBS, using a micropipettor. Pool the resuspended pellets from all the tubes containing materials from the same cells in a single centrifuge tube. Then add PBS to fill the tube completely. 11b. To concentrate the exosome preparation: Centrifuge the supernatant (step 10) 1 hr at 100,000 × g, 4 • C in a tabletop ultracentrifuge, using a TLA-100.3 rotor and the corresponding thick-walled polycarbonate tubes. Remove most of the PBS above the visible pellet and resuspend exosomes in 20 to 50 µl of fresh PBS.
12. Store exosomes up to 1 year at -80 • C in 100-µl aliquots. Avoid repeated freezing and thawing.
ALTERNATE PROTOCOL

ELIMINATION OF LARGE CELL DEBRIS AND MEMBRANES BY FILTRATION
For some cells (e.g., mouse dendritic cells) it is possible to replace steps 1 to 6 of Basic Protocol 1 with a single filtration step using a 0.22-µm filter; this will eliminate dead cells and large debris while keeping small membranes for further purification by ultracentrifugation. To determine whether this Alternate Protocol can be used, perform Basic Protocol 1 once using the same volume of conditioned medium obtained from the same cells at the same time in parallel with this protocol, to compare the yields and the quality of exosomes by electron microscopy and immunoblotting (Support Protocols 4, 5, 6, 7, 8, 9, and 10) , to ensure that the exosome preparations are identical.
Materials (also see Basic Protocol 1)
0.22-µm filter sterilization device (e.g., Steritop; Millipore) 100-ml to 1-liter glass bottle, sterile 1. Filter sterilize the conditioned medium by passing through a vacuum-connected 0.22-µm filter on top of a sterile bottle, using a vacuum.
2. Store the filtered supernatant up to 1 week at 4 • C before proceeding to exosome purification (Basic Protocol 1, steps 8 to 12).
SUPPORT PROTOCOL 1
COLLECTING CULTURE SUPERNATANTS FOR EXOSOME PURIFICATION
The exosome-containing conditioned medium from cultured cells is used as the starting material for exosome purification. Total cell lysate of the cells that produce the conditioned medium is prepared at the same time and is used later in parallel with exosomes for immunoblot analysis (Support Protocol 8).
Materials
Cells in culture (UNIT 7. Put 1-5 × 10 7 cells in a microcentrifuge tube. Centrifuge 5 min at 300 × g, 4 • C, discard supernatant, and resuspend the cell pellet in 1-ml of PBS. Centrifuge and repeat the PBS wash and centrifugation. 
PREPARING EXOSOME-PRODUCTION MEDIUM
Exosomes are present in the serum generally used for tissue culture. To avoid contamination by these exosomes, culture medium used to grow cells for conditioned media from which the cell-derived exosomes will be purified must be depleted of the contaminating exosomes. There are two options for depleting medium of serum-derived exosomes: (1) if the cells grow in the absence of serum, exosome production-medium can be the basal culture medium, supplemented with all the nutrients and antibiotics, but no fetal bovine serum (FBS) . If the cells need some proteins to survive, 1% (w/v) bovine serum albumin (BSA) can be added instead of FBS. (2) If the cells do not survive in serum-free conditions, predeplete the FBS-derived exosomes from FBS-containing medium following this protocol to obtain FBS-exosome-free, exosome-production medium.
Materials
Culture medium complete with required nutrients (e.g., antibiotics, L-glutamine, HEPES, 2-mercaptoethanol, FBS Ultracentrifuge and fixed-angle or swinging-bucket rotor (see Table 3 .22.1) Polyallomer tubes or polycarbonate bottles, appropriate for the ultracentrifuge rotor (see Table 3 .22.1) 0.22-µm filter-sterilization device (e.g., Steritop; Millipore) 100-ml to 1-liter glass bottle, sterile 4. Dilute the depleted medium with medium supplemented with all the nutrients and antibiotics, but no FBS, in order to reach the final FBS concentration required to make the exosome production medium. 5. Store exosome-depleted medium after step 4 (sterilized, but not diluted) or step 5 (sterilized and diluted) up to 4 weeks at 4 • C.
PURIFYING EXOSOMES FROM VISCOUS FLUIDS
To purify exosomes from bodily fluids (e.g., urine, broncho-alveolar lavage, serum, plasma, tumor ascites), simply collect the fluid by the usual means. Store up to 5 days at 4 • C in a glass bottle until proceeding with exosome purification.
The principle for exosome purification is the same as when starting from tissue culture conditioned media, but because of the viscosity of some fluids it is necessary to dilute them, and to increase the speed and lengths of centrifugations. This protocol has been used in the authors' laboratories for purification of exosomes from human plasma (Caby et al., 2005) .
All precautions indicated in Basic Protocol 1 apply to this protocol as well.
Materials
Fluid (e.g., plasma: separate from blood cells by Ficoll centrifugation; lymph, serum, urine, bronchiolar lavage, or tumor ascites) Phosphate-buffered saline (PBS; APPENDIX 2A)
Refrigerated centrifuge 50-ml polypropylene centrifuge tubes 0.22-µm filter device (e.g., Steritop, Millipore) Ultracentrifuge and fixed-angle or swinging-bucket rotor (see Table 3 .22.1) Polyallomer tubes or polycarbonate bottles, appropriate for the ultracentrifuge rotor (see Table 3 .22.1)
NOTE: All centrifugations should be performed at 4 • C.
1. Dilute fluid with an equal volume of PBS. Transfer diluted fluid in 50-ml tubes. Centrifuge 30 min at 2,000 × g, 4 • C.
2. Carefully transfer supernatant to ultracentrifuge tubes or bottles without pellet contamination (see Basic Protocol 1, step 3 annotation). Centrifuge 45 min at 12,000 × g, 4 • C.
3. Carefully transfer supernatant to ultracentrifuge tubes or bottles (See Table 3 .22.1 for tubes to choose according to the volume of fluid handled.). Centrifuge 2 hr at 110,000 × g, 4 • C.
4. Resuspend pellets in 1 ml PBS and pool them in one of the tubes. Fill the tube with PBS to dilute the resuspension in a large volume.
5. Filter the suspension through a 0.22-µm filter, and collect in a fresh ultracentrifuge tube or bottle.
6. Centrifuge 70 min at 110,000 × g, 4 • C. Pour off the supernatant. 
PREPARATION OF EXOSOMES ON A 30% SUCROSE CUSHION
Although Basic Protocols 1 and 2 provide reasonably pure exosomes, for some applications it may be advisable to include an extra purification step using a sucrose cushion. This step eliminates more contaminants, such as proteins nonspecifically associated with exosomes, or large protein aggregates, which are sedimented by centrifugation but do not float on a sucrose gradient.
Materials
Partially purified exosome pellet (Basic Protocol 1, step 10 or Basic Protocol 2, 1. Resuspend partially purified exosome pellet in 25 ml PBS total.
2. Load 4 ml of Tris/sucrose/D 2 O solution at the bottom of a SW 28 tube, to make a cushion.
3. Add the diluted exosomes gently above the sucrose cushion without disturbing the interface. Centrifuge 75 min at 100,000 × g, 4 • C.
4. With a 5-ml syringe fitted with an 18-G needle, collect ∼3.5 ml of the Tris/sucrose/D 2 O cushion, which now contains exosomes, from the side of the tube.
5. Transfer the exosomes to a fresh ultracentrifuge tube. Dilute exosomes to 60 ml with PBS. Centrifuge 70 min at 100,000 × g, 4 • C, in a 45 Ti rotor.
6. Resuspend the pellet in 50 to 100 µl PBS.
BASIC PROTOCOL 3
PURIFICATION OF EXOSOMES BY IMMUNOISOLATION
A simple and rapid method, suitable for the routine isolation and analysis of exosomes, is based upon immuno-magnetic extraction of exosomes bearing human MHC Class II molecules as described by Clayton et al. (2001) . (See Table 3 .22.2 for exosome markers that are not immune or MHC molecules.). This method has been used by the authors and others (Rabesandratana et al., 1998; Wubbolts et al., 2003; Caby et al., 2005) using magnetic beads coated with antibodies directed against proteins exposed on exosomal membranes. It is, therefore, a mode of isolating exosomes without the need for ultracentrifugation. Furthermore, this method demonstrates colocalization of the protein recognized by the antibody-coated beads with other identified proteins, strengthening the evidence that the analysis is that of exosomes and not, for example, soluble contaminating proteins present in the exosome preparation.
There are several advantages and some disadvantages to this approach. The bead-exosome complexes can be analyzed by flow cytometry, using fluorophore-conjugated antibodies; this facilitates a rapid semiquantitative characterization of the exosome surface phenotype. Alternatively, bead-exosome complexes can be incubated in SDS sample buffer and analyzed by immunoblot (Support Protocol 8). In addition, the loaded beads can be processed for electron microscopy, which allows investigation of the morphology of the adsorbed membranes. Given their size, beads can only be observed after sectioning, which can be accomplished with standard electron microscopy methods such as resin embedding and ultrathin sectioning or, preferably, ultracryomicrotomy to avoid dehydration steps (Raposo et al., 1997) . Do not use Support Protocols 4 and 5 for electron microscopy of exosome-bead complexes.
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The choice of exosome marker for immobilization is a key issue. For MHC Class IIpositive cells, the use of beads precoated with a pan class II-specific antibody is ideal. However, this marker is unsuitable for exosome isolation from non antigen-presenting cells which are MHC class II-negative. In theory, a good candidate marker would be MHC Class I molecules expressed on most if not all exosomes. Unfortunately, MHC class I molecules are also shed from the plasma membrane as a soluble molecule, especially in certain cancerous cells, so that the MHC class I-capturing antibody on the bead surface captures soluble class I as well as exosomally expressed class I molecules, significantly reducing the efficiency of exosome capture. Some suggested alternative exosome-capture molecules include members of the tetraspanin family such as CD81 or CD63, for MHC class II-negative cells (Table 3. 22.2). Dynal products (available now from Invitrogen) provide naked beads for coating with antibodies of choice. There are at least 2 types: M-450 Epoxy and M-450 Tosylactivated. Other manufacturers make beads of a similar size, which may also be suitable.
Although selecting exosomes from a conditioned medium based on chosen exosomeexpressed proteins is an advantage in several ways, it is important to be aware that this approach may isolate only a subpopulation of marker-positive exosomes, so that subsequent analysis does not reflect the exosome population as a whole. Immunoisolation is not appropriate for purification of large amounts of exosomes. Finally, once captured on beads, exosomes retaining full functionality may not be successfully eluted from the bead surface.
Materials
Conditioned medium from cultured cells (Support Protocol 1) Phosphate-buffered saline (PBS; APPENDIX 2A) containing 3 mg/ml bovine serum albumin (BSA), filter sterilized and stored up to 1 month at 4
• C 50-ml centrifuge tubes, sterile Refrigerated centrifuge 4.5 µM paramagnetic Dynabeads M-450 (Dynal), ready-coated with antibodies (e.g., anti-human MHC II) Magnet (Dynal) Test tube rolling machine holding 50-ml tubes 1. Transfer the conditioned medium (Support Protocol 1, step 5) to 50-ml centrifuge tubes. Centrifuge 10 min at 2,000 × g, 4 • C.
2. Transfer supernatant to fresh 50-ml tubes, and centrifuge again.
3. Wash the antibody-coated Dynabeads as recommended by the manufacturer (i.e., five times in 5 ml of PBS containing 3 mg/ml BSA) using magnetic separation.
4. Pellet the beads using the magnet, and remove all buffer. To this pellet add the supernatant from step 2. 6. Collect the beads with the magnet, and wash at least three times with 2 to 10 ml PBS containing 3 mg/ml BSA to remove material that is nonspecifically bound.
7. Finally, wash once in ∼10 ml PBS as in step 6 to reduce BSA content. 
ELECTRON MICROSCOPE ANALYSIS OF WHOLE-MOUNTED EXOSOMES
Standard electron microscopic (EM) methods requiring fixation, dehydration, resin embedding, and ultrathin sectioning that are currently used for tissues, cells, and subcellular fractions are, in the authors' opinions, difficult to apply to exosomes and do not give a representative view of the preparation because membranes may be lost during dehydration and repeated centrifugation steps related to dehydration and embedding. This protocol describes a quick and reliable contrasting and embedding method that permits EM analysis of whole-mount exosome preparations. 4. Transfer the grids to a 50-µl drop of 1% glutaraldehyde for 5 min.
5. Transfer to a 100-µl drop of distilled water and let grids stand for 2 min. Repeat seven times for a total of eight water washes.
Contrast and embed samples 6. Transfer grids to a 50-µl drop of uranyl-oxalate solution, pH 7, for 5 min. 7. Transfer grids to a 50-µl drop of methyl cellulose-UA for 10 min on ice.
To keep the grids cold; use a glass dish covered with Parafilm on ice. 9. Air dry the grid 5 to 10 min while still on the loop.
After drying, a blue-gold interference color is indicative of a homogeneous and appropriate thickness of the methyl-cellulose film.
10. Store the grids in appropriate grid storage boxes for many years.
11. Observe under the electron microscope at 80 kV. 
IMMUNOGOLD LABELING OF WHOLE-MOUNT EXOSOMES
For further characterization of exosomes, immunolabeling with antibodies against proteins known to be exposed on exosomal membranes is recommended before electron microscopy. A standard immunolabeling procedure is difficult to establish because each antibody/antigen combination may require a slightly different approach.
The most commonly used single antigen-specific labeling procedures are specific antibody + Protein A-gold (PAG) or specific antibody + bridging antibody + PAG. IgG conjugated to gold probes can also be used. The specific antibody can be either a monoclonal or a polyclonal antibody, the bridging antibody or IgG conjugated to the gold probe must originate from a different species. A bridging antibody can be used either to amplify the signal or in situations where the specific antibody does not react with PAG or the IgG-gold. The labeling efficiency, specificity, and background of bridging antibodies depend on the source and should be tested when handling antibodies from different manufacturers.
Multiple antigen-specific immunolabeling procedures can be accomplished using two or more consecutive single-labeling procedures. Up to three different antigens can be visualized (double-and triple-immunolabeling). When performing double or triple immunolabeling, one should consider the best choice of the size of gold particles to be used in the first, second, or third step and for the sequence of gold probes and antibodies. This should be tested first in a single-labeling procedure. Also take into account that, given the small size of exosomes, steric hindrance may hide epitopes and give a negative result.
The procedure described in this protocol was used by Escola et al. (1998) , Raposo et al. (1996) , Théry et al. (1999) , Van Niel et al. (2001) , and Zitvogel et al. (1998) , to localize proteins exposed at the surface of exosomes. To visualize proteins on the cytosolic side of exosomes (e.g., Tsg101) one may introduce a permeabilization step with saponin after the fixation procedure and during incubation with antibodies and PAG (Fevrier et al., 2004) . However, permeabilization of exosomal membranes is difficult to control and may affect exosome morphology. Adsorb exosomes on electron-microscope grids 1. Resuspend the 100,000 × g exosome-containing pellet in 50 to 100 µl of 2% PFA. Wash and block exosomes on grids 4. Transfer grid to PBS and wash twice for 3 min.
5. Transfer grid to PBS/50 mM glycine for 3 min. Repeat transfers to fresh drops of PBS/50 mM glycine three times for a total of four washes. 2. Dry over a 37 • C warming plate or in a drying oven.
The glycine quenches free aldehyde groups. As an alternative use a 50 mM solution of ammonium chloride (NH 4 Cl).
Transfer grids to a drop of blocking buffer for 10 min
3. Put 1.2 g Formvar powder into a 100-ml volumetric flask and add 100 ml chloroform with stirring. Let stand overnight wrapped in aluminum foil to protect from light.
In order to prepare a clean solution all materials should be previously rinsed with chloroform.
4. Clean a glass slide with ethanol and dry it immediately with lens tissue.
Fill the glass column with Formvar solution. Using clean forceps, introduce the clean slide upright in the solution.
The glass column is funnel-shaped and specially designed to accommodate the slide. The column should be previously rinsed with chloroform.
6. Open the stopcock to allow the Formvar to drain over the slide.
This leaves a thin film of Formvar on the slide. The draining time determines the thickness of the film, and is usually 12 to 15 sec.
7. Remove the slide from the funnel and let the slide dry vertically.
Transfer Formvar film to EM grid 8. Fill a deep glass dish with water and place a light so that it reflects on the water surface. Clean the water surface by passing a piece of lens tissue over the surface.
9. Cut the edges of the dry Formvar film around the slide with a razor blade.
10. Put the slide on a water surface in an upright position. Push the slide gently into the water to allow the film to be released from the slide and to float on the water surface. 11. Place the grids on the film floating on the water surface.
12. Remove the grids/film from the water by putting a microscope slide covered with an adhesive label in an upright position on the edge of the film, and pushing it downwards into the water.
The film with the grids will stick to the label. Clean Parafilm can be used instead of the label.
Since exosomes are usually spread among three to five fractions of the sucrose gradient, it is best to perform this separation on at least five times the amount of exosomal proteins needed to detect exosomes after this procedure. For example, to perform an immunoblot on the sucrose-gradient fractions using an antibody that detects its target among 3 µg of exosomal proteins, perform the sucrose gradient on 15 to 20 µg of exosomal proteins. To visualize exosomal proteins in the sucrose-gradient fractions by Coomassie blue staining on gels, use 100 µg of exosomal proteins, to obtain about 20 µg in each exosomal sucrose gradient fraction. Prepare and pour exosome-containing sucrose gradient 1. For each gradient (i.e., each exosome preparation to be analyzed) prepare 5 ml of 2 M sucrose solution by mixing 4 ml HEPES/sucrose stock solution and 1 ml HEPES stock solution.
Materials
2. For each gradient, prepare 5 ml of 0.25 M sucrose solution by mixing 0.5 ml HEPES/sucrose stock solution and 4.5 ml HEPES stock solution.
3. Resuspend exosomes in 2 ml of HEPES/sucrose stock solution.
4. Pour exosomes at the bottom of an SW 41 centrifuge tube.
5. In the gradient maker with all shutters closed, load 5 ml of 2 M sucrose solution in the proximal compartment with a magnetic stir bar, and 5 ml of 0.25 M sucrose solution in the distal compartment.
6. Put the gradient maker on a high shelf, on a magnetic stir plate. Open shutter between proximal and distal compartments and turn on the magnetic stir plate.
7. Place the outer tubing in the SW 41 tube, just above the 2 ml of exosomes.
8. Open the outer shutter, and slowly pour a continuous 2 M (bottom) to 0.25 M (top) sucrose gradient on top of the exosomes.
Lower the SW 41 tube as the gradient is poured, so that the tubing is always slightly above the top of the liquid.
It is often worth pouring a test gradient on top of non-exosome-containing sucrose first, to get used to the procedure.
9. Balance all tubes containing gradient with each other, or with other tubes containing the same weight of sucrose solutions.
Centrifuge gradients and collect fractions 10. Centrifuge the gradients overnight (≥14 hr) at 210,000 × g, 4 • C, in the SW 41 swinging-bucket rotor with the brake set on low.
Total centrifugation time must be at least 14 hr. Set the centrifuge on hold in the evening, and turn it off on arrival in the morning 11. With a micropipettor, collect eleven 1-ml fractions, from top to bottom. Put each fraction in a 3-ml tube for the TLA-100.3 rotor
Measure refractive index 12. Set aside, in separate wells of a 96-well plate, 50 µl of each fraction to use to measure the refractive index. Cover the plate with adhesive foil to prevent evaporation. Store up to 1 hr at room temperature.
13. Use a refractometer to measure the refractive index (hence the sucrose concentration, and the density) of 10 to 20 µl of each fraction from the material saved in the 96-well plate.
A table for converting the refractive index into g/ml is available in the ultracentrifugation catalog downloadable from the Beckman website.
Prepare fractions for analysis by SDS-PAGE 14. Add 2 ml of 20 mM HEPES, pH 7.4, to each 1-ml gradient fraction, and mix by pipetting up and down two to three times.
15. Mark one side of each tube with a permanent marker, and place the tubes marked side up in a TLA-100.3 rotor.
16. Centrifuge the 3 ml-tubes containing diluted fractions 1 hr at 110,000 × g, 4 • C.
The TLA-100.3 rotor holds six tubes, so it is necessary to perform two centrifugations for each gradient. Keep the other tubes at 4
• C until they can be centrifuged.
17. Aspirate the supernatant from each of the 3-ml tubes, leaving a drop on top of the pellet.
The pellet most probably is not visible, but its location can be inferred from the mark on the tube. See Basic Protocol 1.
18. Resuspend the invisible pellet and transfer to microcentrifuge tube.
19. Store half of each resuspended fraction up to 1 year at −80 • C. To the other half of each resuspended fraction add one third of that volume of 4× SDS sample buffer.
This will result in a 1 × final concentration of SDS sample buffer. 20. Heat samples in SDS sample buffer from step 19a to 70 • C for 10 min or 95 • C for 5 min, and load half onto a 10% or 12% SDS-PAGE gel for further analysis (UNIT Purify fractions by immunoisolation 22. Thaw frozen fractions from step 19 on ice, and pool exosome-containing gradient fractions (as determined in step 21). Dilute to 1.5 ml final with PBS.
23. In one microcentrifuge tube, combine 750 µl of the pooled fractions with 200 µl of antibody-coated Dynabeads (8 × 10 7 beads). In another microcentrifuge tube, combine 750 µl with 200 µl of goat anti mouse IgG-coated Dynabeads as a negative control.
Proceed further as in Basic Protocol 3.
See Wubbolts et al., 2003 for more details.
SUPPORT PROTOCOL 8
IMMUNOBLOT ANALYSIS OF EXOSOMES
The overall protein composition of exosomes from various cellular sources has been investigated by several groups, using extensive proteomic analysis, immunoblotting (western blots), or FACS. Exosome sources include various immortalized cell lines or tumor cells (Clayton et al., 2001; Skokos et al., 2001; Blanchard et al., 2002; Van Niel et al., 2003; Wubboltz et al., 2003; Amzallag et al., 2004; Fevrier et al., 2004; Hegmans et al., 2004; Mears et al., 2004; Segura et al., 2005) , primary cells (Heijnen et al., 1999; de Gassart et al., 2003) , or bodily fluids Pisitkun et al., 2004; Caby et al., 2005) . Several proteins were consistently found in exosomes from many of these different sources.
To characterize the purified vesicles as exosomes, it is important to show that most of the common exosomal proteins are present. Immunoblotting is a convenient way to accomplish this. Table 3 .22.2 gives an overview of the exosomal proteins that can be identified by immunoblotting. To show that a given protein is specifically enriched in exosomes, it is important to compare on the same gel identical amounts of protein from exosomes and from total lysates prepared from the producing cells. To give a more accurate quantification and to allow detection of proteins which are not very abundant in either exosomes or cells, two different amounts of exosomal or total cell proteins are run side by side on the SDS-gel for subsequent immunoblot analysis.
Materials
Exosomes (pellet from Basic Protocol 1, step 10; Basic Protocol 2, step 8; or Basic Protocol 3, step 8) Whole cell lysates: prepared from same cell source as exosomes (Support Protocol 1, step 8) Phosphate-buffered saline (PBS; APPENDIX 2A) 4× SDS sample buffer, reducing or nonreducing (i.e., with or without DTT or 2-mercaptoethanol; APPENDIX 2A)
Additional reagents and equipment for quantifying protein (Support Protocol 9), SDS-PAGE (UNIT 6.1); and western blots (immunoblotting; UNIT 6.2) 
MEASURING THE PROTEIN CONTENT OF EXOSOMES USING THE BRADFORD ASSAY
Measuring the amount of total proteins present in the exosome preparations gives a rough idea of the amount of exosomes secreted by the cells. When performing immunoblots with exosomes and total cell lysates, or when comparing different exosome preparations on the same immunoblot, it is important to perform the protein quantification by the Bradford assay on all the samples at the same time. The protocol given below is a classical version of the assay adapted to a large number (≤80) of precious samples (it uses only 10 µl of each sample 2b. For Bradford assay of exosome preparations: Thaw exosomes on ice.
3. In a flat-bottom 96-well plate, load 10 µl of PBS in the first well (blank) and 10 µl of each standard BSA dilution in the eight following wells.
Perform all protein determinations for standards and samples in duplicate.
4. Load 8 µl of PBS to each well for cell lysate samples, and 6 µl of PBS to each well for exosome samples.
5. Add 2 µl of cell lysates to the wells containing 8 µl PBS.
6. Homogenize each exosome sample by pipetting up and down several times, then load 5 µl in the wells containing 5 µl PBS. 
ANALYSIS OF EXOSOMES BY FACS OF LABELED EXOSOMES BOUND TO BEADS
Exosomes are too small to be reliably analyzed by direct cell sorting. To overcome this problem, exosomes are fixed to beads of a size that is in the detection range of a flow cytometer. The exosomes are then labeled with fluorophore-conjugated antibodies and analyzed by FACS. 1b. To analyze exosomes purified by ultracentrifugation: Incubate 5 µg purified exosomes as measured by Bradford assay (Support Protocol 9) with 10 µl latex beads 15 min at room temperature, in a 1.5-ml microcentrifuge tube.
Materials
A nonspecific adsorption of all exosomal proteins to the latex beads occurs in this step.
2. Add PBS to a final volume of 1 ml, and incubate on a test tube rotator wheel 2 hr at room temperature.
Overnight incubation at 4
• C is also possible.
3. Add 110 µl of 1 M glycine (i.e., 100 mM final), mix gently and let stand on the bench at room temperature for 30 min. 
BSA standards
Prepare a set of standard dilutions with BSA, starting with 500 µg/ml, performing two-fold dilutions in PBS to 4 µg/ml (seven dilutions). Dispense 100-µl aliquots of the diluted BSA standard curve solutions into microcentrifuge tubes and store up to 6 months at -20 • C.
Cell lysis buffer 300 mM NaCl 50 mM Tris, pH 7.4 (adjust pH of Tris base with drops of 6 N HCl) 0.5% Triton X-100 or NP-40 Store up to 1 year at room temperature Add antiproteases cocktail (Roche) just before use Uranyl acetate (4% w/v), pH 4 Weigh 2 g of uranyl acetate (Polysciences) and dissolve in 50 ml distilled water. Store up to 4 months at 4 • C, in a 20-ml plastic syringe protected from light. Just before use, filter the amount needed of uranyl solution with a 0.22-µm filter. 
Uranyl-oxalate, pH 7
Mix 4% uranyl acetate, pH 4 (see recipe) with 0.15 M solution of oxalic acid (0.945 g in 50 ml distilled water), in a 1:1 ratio. Adjust the pH to 7 by adding 25% (w/v) NH 4 OH in drops to prevent formation of insoluble precipitates. Store in the dark up to 1 month at 4 • C.
COMMENTARY Background Information
The purification of exosomes from cell culture supernatants or other biological fluids is not trivial. The most characteristic feature of exosomes that should be used both for their purification and characterization is their density. The most usual way of determining exosomes' density is on continuous sucrose gradients. A buoyant density of 1.23 to 1.16 g/liter, together with the presence of endocytic markers (e.g., tsg101 or alix), and images in whole-mount electron microscopy showing the characteristic cup shaped morphology are good evidence that one is dealing with exosomes. Some groups have argued that the ultrafiltration method (Lamparski et al., 2002 ) is less harmful and more reliable than the ultracentrifugation method described in this unit. The authors have compared the two preparation methods for the same dendritic cell supernatants side by side, using biochemical, morphological, and functional assays for exosomes. They found no significant differences. The ultrafiltration method is advisable mainly for clinical-grade applications of exosomes, because it allows rigorous control of the environment during the purification procedure.
The issue of exosome quantification also deserves some attention. Two approaches to quantifying the amount of exosomes in a given preparation have been used. One is to quantify the amount of a particulate exosomal protein using ELISA or immunoblotting. The main limitation of this approach is that it is very hard to distinguish between a modification of the number of molecules per exosome (e.g., the proportion of exosomes expressing any given marker) and a real modification in the amount of exosomes. The other approach for quantifying exosomes is to measure the protein concentration in the exosome preparations. In the authors' experience, if the FBS used for the production of the conditioned media is properly cleared and if one carries out the experiment carefully, the protein concentration has proven to be a reliable and reproducible approach to quantification.
Recent work on exosomes from antigenpresenting cells has caused renewed interest in this controversial field. It is the authors' feeling that the study of exosomes is now in a critical phase of scientific development. Their identity as a bone fide secreted subcellular compartment is established. The challenge for the next few years is to understand their physiological mode of action and to learn how to use them in therapeutic strategies (e.g., vaccination).
Critical Parameters and Troubleshooting
When preparing exosomes from cell culture supernatants, it is important to make sure that the cells are healthy (including no contamination with mycoplasma) and viable at the end of the exosome production period. If not, the product will be heavily contaminated with membrane fragments that are not exosomes. Fragments of apoptotic cells are bigger than exosomes when observed by whole-mount EM, do not migrate at the proper density on sucrose gradients, and contain high amounts of nuclear proteins, such as histones .
When designing experiments involving exosome purification, it is important to make sure that there is an assay to characterize the preparations and show that they contain exosomes and no other contaminants. Whole-mount EM combined with immunoblotting is the best choice.
Aggregates of exosomes can often be observed in preparations obtained by ultracentrifugation. Resuspending the pellet in PBS containing EDTA may help, but it can also be detrimental if exosomes are subsequently used in functional assays.
Particular attention should be given to the centrifugation tubes used to prepare exosomes. Exosomal membranes may stick to some ultracentrifugation tubes, such as ultraclear tubes from Beckman (W. Stoorvogel, Faculty of Veterinary Medicine, Utrecht University, pers. comm.).
Anticipated Results
The amount of exosomes produced varies with the cell type. The authors usually obtain 0.3 to 0.5 µg of exosomes per 10 6 dendritic cells in 24 hr (Segura et al., 2005) . Amounts of exosomes obtained from most murine tumor cell lines (e.g., fibrosarcomas, melanomas, carcinomas) are in the same range. In contrast, very small amounts of exosomes seem to be produced by a mouse mastocytoma (P815) or thymoma (EL4; C. Théry, A. Clayton, S. Amigorena, and G. Raposo, unpub. observ.) Intestinal epithelial adenocarcinoma cell lines seem to produce slightly fewer exosomes (∼0.05 µg/10 6 cells; Van Niel et al., 2001 ). Given the lack of details in the literature, it is difficult to say today whether all cell types produce exosomes and at what level, but exosome production seems to be a rather general mechanism, and an average level of production of ∼0.1 µg/10 6 cells may be taken as a rough general estimate.
Purified exosomes should appear by EM as 50-to 100-nm vesicles surrounded by a lipid layer with a cup-shaped morphology (Fig. 3.22 .2A) and exosomal proteins on their surfaces. Smaller vesicles (<50 nm), not displaying the cup-shaped morphology, are sometimes observed in preparations of exosomes, especially if the centrifugation is performed at >100,000 × g. Such vesicles cannot be considered exosomes.
When separating 30 to 50 µg of exosomal proteins on 10% or 12% SDS-gels, there should be a pattern of bands ranging from the largest to the smallest sizes, different from the pattern obtained with whole cell lysates (Fig.  3.22.2B ). Be aware that exosome preparations showing mainly one band at ∼60 kDa cannot be considered as good preparations because they probably contain mostly BSA from the culture medium.
